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ABSTRACT
Due to its absence of an atmosphere and relative geological inertness, the Moon’s surface records
past impacts of objects from the Solar system and beyond. We examine the prospects for discovering
extrasolar material near the lunar surface and predict that its abundance is O(10) parts-per-million
(ppm). The abundances of extrasolar organic carbon and biomolecular building blocks (e.g., amino
acids) are estimated to be on the order of 0.1 ppm and < 0.1 parts-per-billion (ppb), respectively.
We describe strategies for identifying extrasolar material and potentially detecting extrasolar
biomolecular building blocks as well as molecular biosignatures of extinct extraterrestrial life. Thus,
viewed collectively, we argue that in situ lunar exploration can provide vital new clues for astrobiology.
1. INTRODUCTION
The discovery of the interstellar object ‘Oumuamua
in 2017 (Meech et al. 2017) led to a substantial increase
in the expected number density of interstellar objects
relative to certain earlier estimates (Moro-Mart´ın et al.
2009). Recently, the identification of a putative inter-
stellar meteor by Siraj & Loeb (2019a) enabled the de-
termination of the flux of extrasolar objects impacting
the Earth’s atmosphere (Siraj & Loeb 2019b).
There are several avenues to analyze objects which
originate beyond the Solar system (in short, extraso-
lar). First, one can send out spacecrafts to inves-
tigate interstellar dust in the neighborhood of Earth
(Landgraf et al. 2000), unbound objects like ‘Oumua-
mua (Seligman & Laughlin 2018), gravitationally cap-
tured objects within our Solar system (Lingam & Loeb
2018), or even nearby exoplanets like Proxima b.1 A
second possibility entails remote sensing studies of in-
terstellar meteors that burn up in Earth’s atmosphere
(Siraj & Loeb 2019b) or objects that graze the Sun
(Forbes & Loeb 2019). We will instead address a third
route in this Letter: combing through lunar samples to
search for extrasolar material. The same approach is
utilizable, in principle, for detecting extrasolar material
deposited on the surfaces of asteroids and comets.
It is very beneficial that extrasolar objects impact not
only the Earth but also the Moon. The latter is ad-
vantageous from two different standpoints. First, as the
Moon lacks an atmosphere, there is minimal ablation
of small objects relative to Earth, consequently ensur-
ing that they are preserved and do not burn up before
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impacting the surface. Second, it is well-known that
the Moon is geologically inert with respect to the Earth
over the past few Gyr (Jaumann et al. 2012). This fea-
ture ensures that the Moon, unlike the Earth, preserves
a comprehensive geological record dating back almost to
its formation around 4.5 Ga.
From a practical standpoint, the strategy of searching
lunar samples has two benefits with respect to the al-
ternatives mentioned earlier. First, the Apollo missions
returned ∼ 400 kg of lunar material to the Earth, en-
suring that it is feasible to examine these samples for
extrasolar debris. Second, both the federal and private
sectors have expressed an interest in going back to the
Moon in the upcoming decade,2 and potentially estab-
lishing lunar bases in the long run.3 There are numer-
ous benefits expected to accrue from the sustained in
situ exploration of the Moon in areas as diverse as high-
energy physics, medicine, planetary science and astrobi-
ology (Cockell 2010; Crawford et al. 2012). We suggest
that one should also include the detection of extraso-
lar material - in particular, the search for the building
blocks of extraterrestrial life - to the list of benefits from
lunar exploration.
The outline of the Letter is as follows. We predict the
mass and number flux of extrasolar impactors striking
the lunar surface in Section 2. We estimate the abun-
dances of extrasolar material, organics, and biomolecu-
lar building blocks in Section 3. Next, we briefly outline
methodologies by which the extrasolar components may
be detected in Section 4. Finally, we summarize our
central results in Section 5.
2. MASS FLUX OF EXTRASOLAR IMPACTORS
2 https://www.nasa.gov/specials/apollo50th/back.html
3 http://www.asi.org/
2Henceforth, we use the subscript ‘S’ to reference im-
pactors whose origin lies within the Solar system (i.e.,
intrasolar) and the subscript ‘E’ to denote impactors
that originate outside the solar system (i.e., extrasolar).
We begin by assessing the number flux of extrasolar
impactors on the Moon. In order to do so, we note
that the contribution from gravitational focusing can
be neglected since the correction factor
(
1 + v2esc/v
2
∞
)
is
close to unity, where vesc is the escape velocity and v∞
represents the excess velocity at a large distance. The
probability distribution function for the impact flux is
denoted by PE(m), in units of m−2 s−1 kg−1, where
m is the mass of the impactor. We will work with a
power-law function in the mass range of interest, i.e.,
PE(m) = CEm−λE , where CE is the proportionality
constant and λE is the power-law index. This ansatz
allows us to determine the number flux of impactors
N˙E(m) with masses > m as follows:
N˙E(m) =
∫
∞
m
PE(m
′) dm′ =
CE
| − λE + 1|
m−λE+1. (1)
As we are interested in extraterrestrial impactors, we
will make the assumption that the number flux is
roughly the same for the Moon and the Earth’s at-
mosphere. This is fairly valid because the extra contri-
bution from the orbital velocity of the Moon is smaller
than v∞ and vesc by approximately an order of magni-
tude. Note that the total number of impacts per unit
time is not similar for both worlds, even if the num-
ber fluxes are comparable, because of their differing
surface areas. In conjunction with the compiled data
from Figure 1 and Section 2 of Siraj & Loeb (2019b),
we estimate N˙E(m) to be
N˙E(m) ∼ 4.4× 10
−22m−2 s−1
(
m
1 kg
)
−1.14
. (2)
As a consistency check, if we substitute m = 10−14 kg
in the above expression, we obtain N˙E ∼ 4× 10−6 m−2
s−1. This result is in reasonable agreement with the
empirical estimate of N˙E ∼ 1 × 10
−6 m−2 s−1 based
on in situ measurements carried out by the Ulysses and
Galileo spacecrafts (Landgraf et al. 2000). In addition,
the power-law exponent of−1.14 specified in (2) exhibits
very good agreement with the empirical value of −1.1
from spacecraft observations (Landgraf et al. 2000). It
is straightforward to determine CE and λE from (1) and
(2); for example, we find λE = 2.14.
In a similar fashion, we can determine the flux of So-
lar system objects that impact the Moon. We define
PS(m) = CSm−λS and thereby compute N˙S(m) in the
same fashion as (1). At very small masses, the values of
CS and λS are not tightly constrained. Older empirical
measurements of interplanetary dust particles (IDPs) in-
dicated that λS ≈ 2.34 for m > 10−7 kg (Gru¨n et al.
2011), whereas more recent studies based on the Lu-
nar Dust Experiment (LDEX) onboard the Lunar At-
mosphere and Dust Environment Explorer (LADEE)
concluded that λS ≈ 1.9 for dust grains with masses
> 10−15 kg (Szalay & Hora´nyi 2016). If we further sup-
pose that the flux at Earth’s atmosphere is comparable
to that on the Moon, Figure 1 of Bland & Artemieva
(2006) indicates that λS ≈ 1.9. Thus, we find that λS
is not very different from λE . We introduce the ansatz
N˙S(m) ∼ 6× 10
−19m−2 s−1
(
m
1 kg
)
−0.9
, (3)
where the normalization constant is chosen to pre-
serve consistency with Figure 1 of Bland & Artemieva
(2006). For m = 0.1 kg, the above formula yields
N˙S ∼ 4.8× 10−18 m−2 s−1. By using the observational
data in Figure 4 of Gru¨n et al. (2011), we end up with
N˙S ∼ 6.3 × 10
−18 m−2 s−1, indicating that the above
ansatz may be a reasonable estimate.
Along the same lines, we can determine the mass flux
of impactors within a given mass range of (mmin, mmax).
The corresponding mass flux, denoted by M˙E,S , is
M˙E,S =
∫ mmax
mmin
m′ PE,S(m
′) dm′. (4)
For our lower bound, we choose approximately µm-
sized objects (with mmin = 10
−15 kg) as they represent
the smallest particles that may host organic material
(Flynn et al. 2003; Kwok 2019); in the most optimal
circumstances, they might be capable of transporting
living or extinct microbes (Wesson 2010). Our upper
bound of mmax = 10
15 kg is based on the fact that ob-
jects with higher masses are unlikely to have impacted
the Moon over its current age. The ratio of the two mass
fluxes (δES) is defined as
δES ≡
M˙E
M˙S
∼ 2.6× 10−3, (5)
where the last equality follows from employing the pre-
ceding relations. In other words, the mass flux of ex-
trasolar objects striking the Moon is potentially three
orders of magnitude smaller than the mass flux of im-
pactors originating from within our Solar system.
We caution that the scaling relations specified for N˙E
and N˙S constitute merely heuristic estimates as they
are subject to numerous uncertainties (most notably for
the flux of extrasolar objects). It is likely that a single
power-law function will not suffice, thereby necessitat-
ing the use of broken power-laws in future studies. An-
other simplification introduced herein is that the flux of
impactors remains roughly constant over time. While
this is approximately correct when it comes to intraso-
lar objects over the past few Gyr and possibly valid for
extrasolar objects, it is not valid for intrasolar objects
during the early stages of our Solar system (& 4.0 Ga),
when the impact rates were a few orders of magnitudes
higher (Chyba & Sagan 1992).
33. ABUNDANCE OF EXTRASOLAR MATERIAL
ON THE MOON
The ratio δES is valuable because it enables us to cal-
culate the abundance of extrasolar material present near
the lunar surface. However, in doing so, we rely upon
the assumption that the gardening depths of intrasolar
and extrasolar objects are comparable. This is not en-
tirely unreasonable because the specific kinetic energy
is proportional to v2esc + v
2
∞
, implying that its value for
extrasolar objects is conceivably an order of magnitude
higher than for intrasolar objects.
If the variations in gardening depth are ignored, the
abundance of extrasolar material by weight (φE) is ap-
proximately proportional to M˙E, consequently yielding
φE ∼ δESφS with φS signifying the abundance of (mi-
cro)meteoritic material originating from the Solar sys-
tem. Based on the analysis of lunar samples, it has
been estimated that this component makes up ∼ 1-1.5%
(by weight) of the lunar soil and ∼ 1.28% of the lu-
nar regolith (Anders et al. 1973; McCubbin et al. 2015).
Therefore, by using the above expression for φE , we ar-
rive at φE ∼ 30 ppm, namely, the mass fraction of ex-
trasolar material is ∼ 3×10−5. In comparison, material
ejected from Earth subsequently deposited on the Moon
is predicted to occur at an abundance of ∼ 1-2 ppm at
the surface (Armstrong 2010).
Of this extrasolar material, we note that ∼ 10−3,
therefore amounting to an abundance of ∼ 30 ppb, is
derived from halo stars (Siraj & Loeb 2019c). Another
crucial point worth noting before proceeding further is
that the preservation of older extrasolar material is fea-
sible in principle because the Moon has been geologi-
cally inactive relative to Earth during the past few Gyr
(Jaumann et al. 2012). If we suppose, for instance, that
the material is uniformly distributed over time and ad-
equately preserved, we find that ∼ 10% of all extrasolar
material would have been deposited > 4 Ga. In other
words, the abundance of such material might be ∼ 3
ppm after using the previous result for φE .
However, the extrasolar material deposited on the sur-
face will comprise both inorganic and organic compo-
nents. It is very difficult to estimate the abundance of
the latter as we lack precise constraints on the abun-
dance of organics in ejecta expelled from extrasolar sys-
tems as well as the likelihood of their survival during
transit and impact with the lunar surface. Hence, our
subsequent discussion must be viewed with due caution
as we operate under the premise that (micro)meteorites
and IDPs within the Solar system are not very atypical
relative to other planetary systems.4
We begin by considering the abundance of extraso-
lar organic material. Even within the Solar system, the
4 This line of reasoning goes by many names, including the
Copernican Principle and the Principle of Mediocrity, and is often
implicitly invoked in astrobiology.
inventory of organic carbon varies widely across mete-
orites and IDPs. For instance, it is believed that or-
ganic carbon comprises ∼ 1.5-4% by weight in carbona-
ceous chondrites (Pizzarello & Shock 2010), whereas it
is lower for other classes of meteorites. When it comes
to IDPs, laboratory analyses indicate that they possess
∼ 10% carbon by weight on average (Chyba & Sagan
1992; Pizzarello et al. 2006). If we err on the side of
caution and choose a mean value of ∼ 1% as not all car-
bon is incorporated in organic material, we find that the
abundance of extrasolar organic material (φE,O) may be
∼ 3× 10−7, namely, we obtain φE,O ∼ 0.3 ppm.
However, it should be noted that the majority of or-
ganic carbon (> 70%) in carbonaceous chondrites is
locked up in the form of insoluble compounds that
are “kerogen-like” in nature (Pizzarello & Shock 2010;
Quirico et al. 2014). As organics constitute a very broad
category, it is more instructive to focus on specific
classes. We will henceforth mostly restrict ourselves to
amino acids because they are building blocks for proteins
and are therefore essential for life-as-we-know-it. Other
organic compounds that were identified in meteorites in-
clude aliphatic and aromatic hydrocarbons, phosphonic
and sulfonic acids, and polyols.
We begin by considering the abundance of amino
acids. Meteorites exhibit different concentrations of
amino acids with values ranging from≪ 1 ppm to & 100
ppm (Martins et al. 2007). The uncertainty for IDPs is
even larger because only a few amino acids such as α-
amino isobutyric acid have been detected and the aver-
age abundance of amino acids in IDPs remains poorly
constrained (Matrajt et al. 2004). Hence, we will resort
to an alternative strategy instead. The analysis of lu-
nar samples from the Apollo missions indicates that the
concentration of amino acids is ∼ 0.1-100 ppb with typ-
ical values on the order of ∼ 10 ppb (Gehrke et al. 1972;
Harada et al. 1971; Elsila et al. 2016).
Earlier, we determined that the extrasolar mass flux
is lower by three orders of magnitude compared to the
intrasolar mass flux. Hence, using the value of δES from
(5), we find that the concentration of extrasolar amino
acids is potentially ∼ 30 parts-per-trillion (ppt). How-
ever, this estimate is an upper bound in all likelihood
because it presumes that the fiducial choice of 10 ppb
for amino acids in the lunar regolith arises solely from
(micro)meteorite impacts. In actuality, on account of
the high enantiomeric excesses detected, it is believed
these samples have experienced some terrestrial biolog-
ical contamination (Elsila et al. 2016).
In analogy with the discovery of carboxylic acids and
nucleobases - the building blocks of lipids and nucleic
acids, respectively - in meteorites on Earth, it is plau-
sible that these compounds might be found on the
Moon. For example, analysis of meteorites has re-
vealed that carboxylic acids may comprise ∼ 40-300
ppm (Pizzarello et al. 2006). Adopting a fiducial value
of ∼ 10 ppm for carboxylic acids in extrasolar material
4by erring on the side of caution, we estimate an abun-
dance of ∼ 0.3 ppb for extrasolar carboxylic acids in the
lunar regolith after using the prior estimate for φE . A
similar analysis can be carried out for nucleobases by
employing carbonaceous chondrites as a proxy. Choos-
ing a nucleobase abundance of ∼ 0.1 ppm in chondrites
(Callahan et al. 2011), we obtain an estimate of ∼ 3 ppt
for extrasolar nucleobases near the lunar surface.
We reiterate that the numbers described herein are
rough estimates because a number of key processes are
not tightly constrained. Apart from the direct contribu-
tion of extrasolar objects impacting the Moon, it is pos-
sible for extrasolar material to be deposited on intrasolar
objects that subsequently impact the Moon and thereby
deposit this material on the lunar surface. It is likely,
however, that this contribution will be sub-dominant.
4. SEARCHING FOR EXTRASOLAR MATERIAL
ON THE MOON
Hitherto, we have calculated the abundance of extra-
solar material deposited on the lunar surface. However,
this raises an immediate question: how do we distinguish
between material (e.g., micrometeorites and IDPs) de-
rived from within and outside the Solar system?
The solution may lie, at least partly, in analyzing mul-
tiple isotope ratios of samples (Lingam & Loeb 2018).
Of the various candidates, perhaps the best studied are
the oxygen isotope ratios. In the oxygen three-isotope
plot, involving the isotope ratios 17O/16O and 18O/16O,
the terrestrial fractionation line has a slope of approx-
imately 0.5 whereas carbonaceous chondrites are char-
acterized by a slope of ∼ 1 (Clayton 2003; Krot et al.
2009). It should also be noted that the 17O/18O ratio
exhibits a lower value in the Solar system in comparison
to the Galactic average (Nittler & Gaidos 2012). Thus,
significant deviations from the Solar system values in the
oxygen three-isotope plot might imply that the sample
is extrasolar in origin.
Apart from oxygen isotopes, other extrasolar flags in-
clude carbon and nitrogen isotope ratios, corresponding
to 12C/13C and 14N/15N, respectively (Mumma & Charnley
2011; Fu¨ri & Marty 2015). Note, for instance, that en-
hanced values of the 12C/13C ratio could arise in ex-
trasolar objects that have traversed through regions
in proximity to Young Stellar Objects (Smith et al.
2015). In addition to isotope ratios, anomalies in
CN-to-OH ratios as well as the abundances of bulk
elements, C2 and C3 molecules might also serve as
effective methods for discerning extrasolar material
(Langland-Shula & Smith 2007; Schleicher 2008).
Once the identification of extrasolar grains has been
achieved, one could attempt to identify the organics
present within them. A plethora of standard tech-
niques can be employed such as liquid chromatography-
mass spectrometry. Using such procedures, the iden-
tification of amino acids, nucleobases and other or-
ganic compounds is feasible at sub-ppb concentrations
(Glavin et al. 2006; Callahan et al. 2011; Burton et al.
2012). The detection of either nucleobases or amino
acids that are neither prevalent in terrestrial nor mete-
oritic material would lend further credence to the notion
that the sample under question may be extrasolar in na-
ture.5
Hitherto, we have limited our discussion to extraso-
lar material and organic compounds. There is yet an-
other scenario worth mentioning, albeit with a poten-
tially much lower probability, namely, the detection of
biosignatures corresponding to extinct extraterrestrial
life.6 There are a number of methods that may be uti-
lized to search for biomarkers. Some of the measurable
characteristics of molecular biosignatures include: (a)
enantiomeric excesses stemming from homochirality, (b)
preference for certain diastereoisomers and structural
isomers, and (c) isotopic heterogeneities at molecular
or sub-molecular levels (Summons et al. 2008). A re-
view of numerous life-detection experiments and their
efficacy can be found in Neveu et al. (2018). The most
ideal scenario arguably entails the discovery of extraso-
lar microfossils as they would provide clear-cut evidence
for extraterrestrial life; on Earth, the oldest microfossils
with unambiguous evidence of cell lumens and walls are
from the ∼ 3.4 Ga Strelley Pool Formation in Western
Australia (Wacey et al. 2011).
5. CONCLUSION
In light of recent discoveries of interstellar objects, we
have studied the deposition of extrasolar material on the
lunar surface by estimating the mass fluxes of impactors
originating from within and outside our Solar system.
Our choice of the Moon is motivated by the fact that it
lacks an atmosphere (avoiding ablation of the impactors)
and is mostly geologically inactive (allowing for long-
lived retention of material).
Our calculations suggest that the abundance of ex-
trasolar material at the surface is ∼ 30 ppm, with the
abundance of detritus deposited > 4 Ga being ∼ 3 ppm.
Of this material, a small fraction will exist in the form of
organic molecules. We estimated that the abundance of
extrasolar organic carbon near the lunar surface is ∼ 0.3
ppm. Among the various organic compounds, the abun-
dances of carboxylic acids, amino acids and nucleobases
are of particular interest as they constitute the building
blocks for life-as-we-know-it. Our results indicate that
5 It is worth appreciating that meteorites contain “exotic” or-
ganic compounds that are very rare on Earth. For instance, the
analysis of carbonaceous meteorites has revealed the existence of
nucleobase analogs (e.g., purine) whose abundances are extremely
low on Earth (Callahan et al. 2011).
6 We have implicitly excluded the prospects for living extrater-
restrial organisms because the Moon’s habitability “window” ap-
pears to have come to a close just millions of years after its for-
mation (Schulze-Makuch & Crawford 2018).
5their maximal abundances might be ∼ 300 ppt, ∼ 30
ppt and ∼ 3 ppt, respectively.
We outlined how the detection of extrasolar debris
may be feasible by analyzing lunar samples. A combi-
nation of isotope ratios (oxygen in particular), elemen-
tal abundances, and other diagnostics might allow us
to identify extrasolar material on the Moon. This ma-
terial can then be subjected to subsequent laboratory
experiments to search for organic compounds such as
amino acids as well as molecular biosignatures arising
from extinct extraterrestrial life. Altogether, these anal-
yses could provide important new clues for astrobiology.
Even the “mere” discovery of inorganic extrasolar ma-
terial will open up new avenues for research. In particu-
lar, by studying the chemical composition of this mate-
rial, it may be possible to place constraints on planetary
formation models, assess the habitability of early plane-
tary systems, gauge the origin and evolution of exo-Oort
clouds, and determine the chemical diversity of extraso-
lar planetary systems. Hence, a new channel for under-
standing these physical processes, separate from study-
ing unbound interstellar objects such as ‘Oumuamua
(Trilling et al. 2017; Raymond et al. 2018; Moro-Mart´ın
2019), can be initiated.
The discovery of extrasolar organics could reveal new
complex macromolecules that may possess practical
value in medicine and engineering. Furthermore, the
detection of such molecules would enable us to gain a
deeper understanding of what types of organics were
synthesized in other planetary systems, allowing us to
gauge the latter’s prospects for hosting life. Finally, the
discovery of molecular biosignatures confirming the ex-
istence of (extinct) extraterrestrial life will indubitably
have far-reaching consequences for humankind. In view
of these potential benefits, we contend that there are
additional compelling grounds for sustained in situ ex-
ploration of the lunar surface in the upcoming decades.
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